The virulence plasmid (pYV) of Yersinia enterocolitica is necessary for production of conjunctivitis in guinea pigs and for mouse lethality. To identify the genes responsible for production of conjunctivitis in guinea pigs, we subcloned the BamHI and Sall restriction fragments of the virulence plasmid of Y. enterocolitica A2635 (serotype 0:8) into derivatives of the broad-host-range plasmid pRK290 and introduced the constructions into plasmid-negative Y. enterocolitica strains. A mild, transient conjunctivitis was evident 24 h after inoculation with strains containing a 2.8-kilobase (kb) BamHI fragment of pYV. These strains were cytotoxic to HEp-2 cells but did not cause death in iron-loaded adult mice. When the 2.8-and adjacent 0.5-kb BamHI fragments were deleted from the virulence plasmid of a fully virulent Y. enterocolitica isolate, the resultant strain did not cause conjunctivitis in guinea pigs and was not cytotoxic to HEp-2 cells. However, the strain with the deletion appeared to be more virulent for mice, with more rapid dissemination after orogastric inoculation, compared with that of the parent strain. When the deletion was complemented by introduction of a plasmid containing the 2.8-kb BamHI fragment, the strain again caused conjunctivitis but had decreased virulence for mice.
Within the last 25 years the importance of Yersinia enterocolitica as a cause of diarrheal disease in humans has been increasingly recognized (1, 8, 11, 12, 14) . A limited number of serotypes are potentially pathogenic, with pathogenicity dependent on a combination of chromosomal and plasmid gene sequences (14) . Recent studies have demonstrated that serotypes associated with human disease are able to invade tissue culture cells (28, 29, 53) and that tissue culture invasion is associated with specific chromosomal loci (designated inv and ai) (35, 36) . However, strains of invasive serotypes do not cause overt disease in animals in the absence of a ca. 70-kilobase (kb) virulence plasmid (pYV) (3, 41, 42, 48, 52) . In gnotobiotic piglets, plasmid-cured derivatives of pathogenic strains invade the intestinal wall and can be isolated from mesenteric lymph nodes, liver, and spleen but do not cause the clinical or histologic manifestations associated with plasmid-containing strains (49) . Similarly, serotypes that are invasive in tissue culture do not cause conjunctivitis in guinea pigs (the Sereny reaction [54] ) in the absence of pYV (30, 48) .
pYV has been associated with expression of a number of possible virulence-related characteristics, including calcium dependence (19) , autoagglutination (27) , resistance to killing by normal human serum (38) , hydrophobicity (26) , binding to crystal violet and Congo red dyes (6, 44) , cytotoxicity for HEp-2 cells (42, 56, 57) , and production of certain outer membrane proteins (YOP) (10, 14, 43) . Molecular studies of pYV and the closely related virulence plasmids of Yersinia pestis and Yersina pseudotuberculosis have localized plasmid gene sequences responsible for calcium dependence and expression of YOP and have begun to delineate the role of these factors in disease pathogenesis (4, 9, 14, 21, 22, 40) . However, questions remain about the function of the plas-mid and its relation to disease. The current study was undertaken to better define the plasmid gene sequences necessary for a positive response in animal models, with particular emphasis on identification of plasmid gene sequences associated with the Sereny reaction.
(This material was presented in part at the 88th Annual Meeting of the American Society for Microbiology, Miami Beach, Fla., 8 to (8) was the reference strain from which the plasmid to be studied (pYVA2635) was extracted. Unless otherwise stated, all Yersinia strains were grown at 30°C on either tryptic soy agar (TSA) (Difco Laboratories, Detroit, Mich.) or in tryptic soy broth; Escherichia coli strains were grown in the same media incubated at 37°C. For curing of pYV from Yersinia strains A2635, 8081, and 129, bacteria were passaged on brain heart infusion agar supplemented with 20 mM MgCl2 and 20 mM sodium oxalate at 37°C (13, 23) . Nalidixic acid-resistant (NalP) mutants were selected by plating onto TSA containing 50 ,g of nalidixic acid per ml. Nalidixic acid-sensitive and -resistant strains showed no difference in virulence for animals.
Plasmids. Plasmids are listed in Table 2 triparenteral matings were performed, using the helper plasmid pRK2013 (16, 18 ).
Sereny assay. The ability of test strains to produce conjunctivitis was assayed in Hartley guinea pigs weighing about 200 g. In order to increase the susceptibility of the animals to infection, they were injected intraperitoneally (i.p.) with 50 mg of iron dextran (Imferon; Fisons Corp., Bedford, Mass.) and 50 mg of desferrioxamine mesylate (Desferal; CIBA-GEIGY Ltd., Basle, Switzerland) on the day preceding bacterial inoculation (48) . For studies involving pCVD788 in CVD768, guinea pigs were treated with intraconjunctival tetracycline (1 drop containing 5 mg/ml, three times daily) and i.p. rolitetracycline (10 mg daily) prior to inoculation and throughout the period of observation after inoculation.
Bacteria were grown on TSA (under antibiotic pressure when appropriate) at 30°C for 48 h, washed once in 1 ml of phosphate-buffered saline (PBS) (pH 7.2), and resuspended in 50 RI of PBS. A volume of 25 ,ul containing approximately 109 organisms was introduced into the right conjunctival sac of each guinea pig. Animals were examined daily for 5 to 7 days for evidence of conjunctivitis, and the response was scored according to the criteria given in Table 3 , footnote a. Representative guinea pigs were sacrificed 48 h after conjunctival inoculation, and the corneas were removed and placed in glutaraldehyde-formaldehyde for histological examination. Hemotoxylin-and eosin-stained sections were viewed under light microscopy at lOOx for histopathologic changes.
Mouse lethality. The ability of strains to kill mice was tested by infecting 6-to 8-week-old CD-1 mice in groups of three with various amounts (105, 107, and 109 CFU) of overnight broth cultures (30°C) of the Yersinia test strains. Forty-eight hours prior to infection, mice were inoculated i.p. with 5 mg of iron dextran. The following day, they were given 5 mg of desferrioxamine i.p. (47) . Twenty-four hours later, the mice were injected i.p. with 0.5 ml of suspensions of the test strains and observed for 3 weeks. A strain was defined as mouse lethal if it had a 50% lethal dose (LD50) of .107 CFU (46, 47) .
For selected strains, groups of five or six 6-to 8-week-old female BALB/c mice (not pretreated with iron or desferrioxamine) were inoculated perorally (p.o.) with 10-fold dilutions of the test strain and observed for 3 weeks. Mice receiving CVD768(pCVD788) were given 0.5 mg of rolitetracycline i.p. immediately before oral inoculation and on days 1, 2, 4, 6, and 8 after inculation; animals also received oral tetracycline hydrochloride (2.5 mg/ml) in their drinking water throughout the experiment.
In related kinetic studies (17) , animals were inoculated p.o. with 2 x 108 bacteria, and three animals per strain were sacrificed on day 1, 2, 3, 4, 5, or 7 after inoculation. At autopsy, heart blood and portions of the liver, spleen, mesenteric lymph nodes, and distal small intestine were collected under aseptic conditions. A 10-pdl volume of blood was plated directly onto TSA, while 100 ,ul was inoculated into 5 ml of tryptic soy broth and incubated at 30°C for 7 days prior to plating onto TSA. The viscera were weighed and homogenized in PBS, and 10-fold dilutions were plated onto TSA or (for the small intestine) CIN agar (Oxoid Ltd.). The identity of recovered bacteria was determined by slide agglutination with hyperimmune rabbit serum. The presence of appropriate plasmids in these strains was demonstrated by colony hybridization, using 32P-labeled DNA probes prepared from the 6-, 4.2-, and 2.8-kb BamHI fragments of pYVA2635, as previously described (47 Preparation of outer membrane proteins. For preparation of outer membrane proteins (YOP), 30 ml of brain heart infusion broth (Difco) was inoculated with a 1:100 dilution of an overnight culture of bacteria. The broth was incubated with shaking at 25°C for 3 h and at 37°C for a further 90 min. Thereafter, Ca2+ in the medium was depleted by the addition of 1 mM ethyleneglycol-bis-(P-aminoethyl ether)-N,N,N', N'-tetraacetic acid (EGTA) and 20 mM sodium acetate. Cultures were maintained at 37°C with shaking overnight. YOP were isolated as described by Martinez (32) and separated by 7.5 to 15% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were visualized by staining with Coomassie brilliant blue.
Other phenotypic assays. Tests for calcium dependence, autoagglutination, and hydrophobicity were performed as described previously (13, 27, 45 b Significant increase in both frequency (P = 0.02) and severity (P = 0.03) compared with A2635c alone.
I ND, Not done. dSignificant increase in both frequency (P = 0.02) and severity (P = 0.04) compared with A2635c; trend present, but differences not significant when compared with 8081c (P = 0.07).
Y y. enterocolitica A2635 with kanamycin resistance gene substituted for no. 7 and 8 BamHI fragments in virulence plasmid. f Significant decrease in both frequency (P = 0.009) and severity (P = 0.03) compared with A2635.
formed into E. coli S17-1 (55) Fig. 1]) produced mild conjunctivitis in some of the guinea pigs tested (Table 3 ). Eighteen to 24 h after inoculation of the conjunctival sac, animals showing a positive response had tearing, with conjunctival edema and erythema. At 48 h this reaction had generally faded, with eyes appearing completely normal by 72 h. For pCVD788 in A2635c there was a significant increase both in the frequency of a positive response (P = 0.02) and in the severity of the response (P = 0.03) compared with the corresponding results for A2635c without the plasmid. None of the other pYVA2635 subclones in either A2635c or 8081c produced conjunctivitis (minimum of two animals tested for each subclone in each host strain).
To confirm that our observations correlated with pathologic changes, eyes from representative animals were removed and examined histologically. Eyes from animals inoculated with Yersinia strains carrying either pCVD788 or pCVD776 had disruption of the outer surface of the corneal epithelium, increased cellularity in the epithelial layer, and an edematous substantia propria with neovascularization and inflammatory cell infiltration ( Fig. 2A) . Animals infected with positive control (wild-type) strains showed a comparable reaction 48 h after inoculation (Fig. 2B) . Eyes from animals receiving negative control strains A2635c, 8081c, and 129c were histologically normal (Fig. 2C) .
(ii) Mouse lethality. None of the Y. enterocolitica host strains carrying plasmids with subcloned fragments of pYVA2635 killed iron-loaded mice.
(iii) HEp-2 cell cytotoxicity. Strains carrying pCVD788 or pCVD776 showed visual evidence of cell monolayer destruction 2.5 h after inoculation, comparable to that seen with virulent, wild-type strains. No other Y. enterocolitica strains carrying pYV subclones were cytotoxic to HEp-2 cells.
Cytotoxicity was temperature dependent: monolayer disruption was evident only when the bacterial culture was grown at 30°C and the monolayers were incubated at 37°C after infection. No cytotoxicity was evident when bacteria were grown at 30°C and the cell monolayers were incubated at 30°C after infection, nor was there cytotoxicity when bacteria were initially grown at 37°C, regardless of the temperature used subsequently in incubation of the infected monolayer.
(iv) Expression of outer membrane proteins. Plasmid-associated outer membrane proteins expressed by the wild-type strains A2635 and 8081 were not produced by pCVD788 in Y. enterocolitica host strain A2635c (Fig. 3) To determine if the deletion could be complemented in trans, the no. 7 BamHI fragment on pRK404 (i.e., pCVD788) was introduced back into strain CVD768. CVD768 carrying pRK404 was used as a control in studies involving this strain.
(i) Sereny test. Strains CVD768 and A2635c(pCVD767) were examined for their ability to cause conjunctivitis in guinea pigs (six guinea pigs per strain). No evidence of conjunctivitis was seen with either strain. For CVD768, this represents a significant decrease both in the frequency of a positive response (P = 0.009) and in the severity of the response (P = 0.03) compared with results obtained with A2635.
When pCVD788 was introduced back into CVD768, 5 of 15 animals receiving the resultant strain had conjunctivitis, with a mean severity score of 3.4. In contrast to A2635c(pCVD788), pCVD788 was frequently lost from CVD768 unless the strain was maintained under antibiotic pressure. To minimize loss of pCVD788 in vivo, intraconjunctival and i.p. tetracycline was administered to animals before and after bacterial inoculation.
(ii) Mouse lethality. After i.p. inoculation of iron-treated mice, CVD768 had an LD50 of <105 CFU; the LD50 for A2635 was 2 x 106 CFU, while that for A2635c was >109 CFU. The LD50 for CVD768 was unaffected by the addition of kanamycin to the medium used in preparation of the bacterial inoculum.
When animals (not iron treated) were given 10-fold dilutions of 109 bacteria p.o. by gavage, the LD50 at day 14 was 1.8 x 106 for CVD768 and 1.5 x 107 for A2635. In kinetic studies, strain CVD768 appeared to disseminate from the gut more readily than did A2635. Using a two-way analysis of variance on rank data, we determined that CVD768 had significantly higher counts than did A2635 at all extraintestinal sites sampled (P = 0.0001 for spleen, 0.002 for liver, 0.003 for retroperitoneal lymph nodes, and 0.007 for blood). Isolation rates and counts from gut contents were comparable for the two strains. Data for liver and spleen are shown in Fig. 4 .
The p.o. LD50 for CVD768 carrying pCVD788 (the complemented deletion mutant) was 107 CFU; that for pCVD768 with pRK404 was 3 x 106. Complete kinetic studies were not performed with these strains. However, animals receiving CVD768(pCVD788) died more rapidly than did those receiving comparable doses of CVD788 (pRK404) CVD788) was 4.6 days, compared with 6.9 days BamHI fragment produce conjunctivitis. As noted previ-8(pRK484) (P < 0.001, Wilcoxin rank sum test). ously, the chromosomal loci inv and ail have been associated lp-2 cell cytotoxicity. Neither CVD768 nor with invasion of tissue culture cells (35, 36) , and animal VD767) caused disruption of HEp-2 cell monostudies have suggested that tissue invasion (without disease production) is chromosomally mediated (3, 49) . As our ression of outer membrane proteins. Major plasplasmid gene sequences also appear to be responsible for ated outer membrane proteins expressed by cytotoxicity and disruption of HEp-2 cell monolayers, they e also produced by CVD768 (Fig. 3) .
may encode factors which contribute to the cellular damage r in vitro assays. CVD768 was calcium dependent (and accompanying inflammatory response) seen in a posi-)ositive responses in assays for autoagglutination tive Sereny reaction. While we did not see evidence of phobicity.
HEp-2 cytotoxicity with culture supernatants, cytotoxins may be cell associated or may not have been produced under DISCUSSION the in vitro conditions used. Cell-associated cytotoxins have been described for other invasive bacterial species, including study we focused our attention on identifying Salmonella spp. (46) and Pseudomonas aeruginosa (25) . In quences necessary for positive responses in anisalmonellae, the cytotoxin may be associated with the bac-, , with an emphasis on identification of sequences terial outer membrane (46); while we cannot exclude the with a positive Sereny reaction. By subcloning possibility of a similar association in Y. enterocolitica, of pYV into broad-host-range vector plasmids and strains carrying our cloned no. 7 BamHI fragment did not these hybrid plasmids into Y. enterocolitica produce any of the major pYV-associated outer membrane cing pYV, we identified a 2.8-kb BamHI fragment proteins. In related studies we have found that sequences on with a mild, histologically demonstrable conjuncthe no. 7 BamHI fragment are highly conserved among iinea pigs. We tested a minimum of two animals pathogenic Y. enterocolitica serotypes and pathogenic ne per host strain for each of the other subcloned strains of Y. pestis and Y. pseudotuberculosis (34, 47) . The d Sall fragments. While data from these studies cytotoxicity seen with these species (20, 51) may be depenat production of conjunctivitis was confined to dent on the same gene sequences. taining the no. 7 BamHI fragment, the number of HEp-2 cytotoxicity was expressed only when cells were ed was not sufficient to provide statistically siggrown at 30°C and assayed at 37°C. Other investigators have gative results for all other subclone-host strain noted the temperature dependence of HEp-2 cytotoxicity in ons. However, the results of our subsequent exwild-type Y. enterocolitica strains (57) , and plasmid-associ- (20) . Our observation that expression of cytotoxicity by our 2.8-kb no. 7 BamHI subclone was also temperature dependent suggests either that sequences responsible for temperature dependence are contained within this small fragment or that temperature dependence is regulated in part by chromosomal loci, as has been described for genes associated with the Sereney response in Shigellaflexneri 2a (33) . The expression of the Y. enterocolitica enterotoxin (which is encoded by chromosomal genes) is dependent on a similar combination of temperatures (39) , as are other plasmid-mediated characteristics (14) , raising the possibility that Y. enterocolitica has a global temperature regulator of some type.
Our data indicate that the Sereny response and mouse lethality, the two standard in vivo assays for pathogenicity for Y. enterocolitica (2, 24, 45) , measure distinct properties, with our conjunctivitis-negative deletion mutant CVD768 showing an apparent increase in virulence for mice. Rosqvist et al. have recently described an increase in virulence of Y. pseudotuberculosis for mice in association with point mutations in both the gene encoding the 47-kilodalton outer membrane protein (YOP1) and the chromosomal invasiveness gene (inv) (50) . Rosqvist et al. hypothesized that this was due in part to unmasking of secondary structures which promote bacterial adherence to epithelial cells. The mechanisms involved here appear to be different, as the mutation in CVD768 did not affect expression of major outer membrane proteins, including YOP1. Similarly, CVD768 and the parent strain A2635 differed in their ability to disseminate in mice but not in gastrointestinal colonization, suggesting that factors other than changes in adherence were involved. The mutation in CVD768 may simply have affected the stability of the plasmid or growth characteristics of the strain. As another possibility, the deletion mutant, in lacking a surface property, may be less well opsonized and therefore may interact less with phagocytes near the site of infection. Alternatively, genes carried by the no. 7 BamHI fragment may have a repressor function which in some way limits dissemination of the organism.
The overall process by which Y. enterocolitica causes disease is clearly complex, involving a number of distinct chromosomal and plasmid gene sequences. Our data indicate that the genes encoded by the no. 7 BamHI fragment of pYV play a role in the pathogenic process. Further studies are needed to identify the gene products produced by the no. 7 BamHI fragment and to determine the mechanisms by which these products affect disease occurrence in animals, and, ultimately, in humans.
